We propose tailor-made multilayer piezoelectric actuators (TAMPA) having large displacements and large forces. In existing piezoelectric actuators, production of small, low-cost actuators having large displacements and large forces is difficult to achieve. We solved this problem by combining two bimorph-type piezoelectric elements with both ends simply supported, and stacking several elements on top of each other. Moreover, TAMPA is a tailor-made actuator whose displacement to force ratio can be varied widely by adjusting the size of the bimorph-type piezoelectric elements even when the total size of the actuator is kept constant. In this study, the bimorph-type piezoelectric element was analyzed, and the relationship between the displacement and the force under fixed conditions was experimentally determined. The relationship between the displacement and the force of TAMPA was theoretically derived. The analytical results showed that a TAMPA having dimensions of approximately 10×10×10 mm is capable of generating displacements of several hundred µm or the force of several N. A prototype was produced and its performance was evaluated. These results agreed well with the analytical results, confirming the validity of the analytical results. Finally, because the lead in PZT can cause environmental problems, a TAMPA was produced that used (K,Na)(Nb,Ta)O 3 piezoelectric ceramics instead of PZT.
INTRODUCTION
Since piezoelectric actuators are compact and have high power, accuracy and response, they are used in various applications such as cars, home appliances, and micro-nano devices [1] [2] . A wide variety of piezoelectric actuators including unimorph- [2] , bimorph-[3], monomorph- [4] , multimorph- [5] , multilayer- [6] [7] , Moonie- [8] , Cymbal- [9] , Rainbow- [10] , and Thunder- [11] [11] : Are wide and the input electric field is high (about 1 kV/mm) though the displacement and the force produced are large. Therefore, it is difficult to produce actuators that are compact and of cheap yet produce large displacements and large forces using existing piezoelectric actuators. Moreover, since it is difficult to vary the displacement to force ratio of actuators having a limited size range, the range of applications is limited. Therefore, we propose a multilayer piezoelectric actuator that fulfils these requirements by combining two bimorph-type piezoelectric elements with both ends simply supported, and stacking several elements on top of each other.
Bobbio et al. proposed a laminated structure with the aim of increasing the displacement of an electrostatic actuator [13] . This structure was applied to a piezoelectric actuator by Idogaki et al. [6] . By improving the shape and fixation method of piezoelectric actuators, we were able to develop a multilayer piezoelectric actuator which can be easily analyzed and produced. Moreover, this multilayer piezoelectric actuator is a tailor-made actuator, the displacement to force ratio of which can be varied considerably by adjusting the size of the bimorph-type piezoelectric elements even if the overall size of the actuator is kept constant. To date, there have been very few reports on the analysis and tailored design of such multilayer piezoelectric actuators. In this study, this actuator is referred to as a TAMPA (Tailor-made Multilayer Piezoelectric Actuator).
It is well known that the lead used in piezoelectric ceramics (PZT) can cause environmental problems. Therefore, piezoelectric devices developed in the future will need to be able to be produced without lead. In this study, it is shown that TAMPA can be produced without lead by using (K,Na)(Nb,Ta)O 3 piezoelectric ceramics [14] [15] .
In this study, the bimorph-type piezoelectric element is analyzed, and the relationship between the displacement and the force under fixed conditions is determined. The production process of TAMPA is then described. Next, the relationship between the displacement and the force of TAMPA is theoretically derived. A prototype is produced, and its performance is evaluated. Finally, a TAMPA is produced without lead using (K,Na)(Nb,Ta)O 3 piezoelectric ceramics. 
ANALYSIS OF A BIMORPH-TYPE PIEZOELECTRIC ELEMENT
In this section a bimorph-type piezoelectric element is analyzed, and the relationship between the displacement and the force for fixed conditions is derived. First, the relationship between the displacement and the force for a bimorph-type piezoelectric element that is fixed at one end and is free at the other end is derived. A schematic diagram of the analytical model for such an element is shown in Fig.  1 . Two piezoelectric materials are bonded to the upper and lower sides of a substrate. The fundamental piezoelectric equation is expressed as [16] [17] 
where S x is the strain, Y p is the Young's modulus of the piezoelectric material, σ x is the stress, d 31 is the piezoelectric constant, and E z is the electric field. From equation (1), the stress produced by the inverse piezoelectric effect is given by
where V is the input voltage and t p is the thickness of the piezoelectric material. By combining equations (1) and (2), the bending moment M p produced by the inverse piezoelectric effect is expressed as ( )
where b is the width of the bimorph-type piezoelectric element and t s is half the thickness of the substrate. The differential equation for the displacement of a bimorph-type piezoelectric element caused by the inverse piezoelectric effect is given by
where YI is the bending stiffness. The boundary conditions for a cantilever (one end is fixed and the other end is free) are expressed as follows.
Solving equation (4) using the boundary conditions given in equation (5), results in the following expression for the displacement z cp caused by the inverse piezoelectric effect.
By setting x = L in equation (6), the tip displacement produced by the inverse piezoelectric effect is given as follows.
where L is the length of the bimorph-type piezoelectric element. The differential equation for the displacement of a bimorph-type piezoelectric element caused by the external force F is given by
When equation (8) is solved using the boundary conditions of equation (5), the displacement z cf caused by the external force is expressed as follows.
( )
By setting x = L in equation (9), the tip displacement caused by the external force is expressed as follows.
From equations (7) and (10), the relationship between the displacement z c and the force F for a bimorph-type piezoelectric element that is fixed at one end and free at the other end is expressed as follows.
(11)
From equation (11), the maximum displacement z c, max and the maximum force F c, max are given as follows.
(12)
Next, the relationship between the displacement and the force for a bimorph-type piezoelectric element that is simply supported at both ends is derived. A schematic diagram of the analytical model for such an element is shown in Fig. 2 . The differential equation for the displacement of a bimorph-type piezoelectric element caused by the inverse piezoelectric effect is expressed as follows.
The boundary conditions for the case when both ends are simply supported are expressed as follows. 0 : , 0 :
When equation (14) is solved using the boundary conditions of equation (15), the displacement z sp caused by the inverse piezoelectric effect is expressed as follows.
By setting x = L/2 in equation (16) , the center displacement caused by the inverse piezoelectric effect is given as follows.
The differential equation for the displacement of a bimorph-type piezoelectric element caused by the external force is expressed as follows.
When equations (18) and (19) are solved using the boundary conditions of equation (15), the displacement z sf caused by the external force is expressed as follows.
( ) 
From equations (17) and (22), the relationship between the displacement z s and the force F when a bimorph-type piezoelectric element is simply supported at both ends is expressed as follows.
( ) (25)
From equations (12) and (24), the ratio of the maximum displacement of a bimorph-type piezoelectric element with both ends simply supported to that of a cantilever (i.e. one end is fixed and the other end is free) is given as follows. 
From equations (13) and (25), the ratio of the maximum force of a bimorph-type piezoelectric element with both ends simply supported to that of a cantilever is expressed as follows. 
It is evident from equations (26) and (27), that the maximum force is 4 times larger, while the maximum displacement is 4 times smaller for a bimorph-type piezoelectric element of fixed dimensions having both ends simply supported compared to that having a cantilever configuration. That is, having both ends simply supported is more effective for producing large forces when using bimorph-type piezoelectric elements.
PRODUCTION PROCESS
The production process for TAMPA is now explained with reference to Fig. 3 . First, conductive tape is attached to the foundation block (Fig. 3-a) . Next, a bimorph-type piezoelectric element is attached to the conductive tape (Fig.  3-b) . Two strips of conductive tape are then attached on both ends of the bimorph-type piezoelectric element (Fig. 3-c) . Next, a bimorph-type piezoelectric element is attached on the two strips of conductive tape (Fig. 3-d) . A TAMPA is easily produced by repeating this process (Fig. 4-a) . Moreover, it can be easily wired as shown in Fig. 4-b. . 
ANALYSIS OF TAMPA
Since in a TAMPA the bimorph-type piezoelectric elements are constructed with both ends simply supported, the relationship between the displacement z m and the force F can be expressed from equation (23) 
where, n is the number of the bimorph-type piezoelectric elements. A simulation was carried out using equation (28) to investigate the characteristics of TAMPA. The physical properties of the bimorph-type piezoelectric element are given in Table 1 . The simulation was carried out for the following three cases.
(1) The thickness of the piezoelectric material is 100 µm, and the number of bimorph-type piezoelectric elements is 24. (2) The thickness of the piezoelectric material is 200 µm, and the number of bimorph-type piezoelectric elements is 16. (3) The thickness of the piezoelectric material is 400 µm, and the number of bimorph-type piezoelectric elements is 10. In each case, the number of bimorph-type piezoelectric elements was selected so that the dimensions for the TAMPA were approximately 10×10×10 mm (the thickness of the conductive tape was assumed to be 200 µm). The simulation results are shown in Figs. 5-7. Fig. 5 shows that a TAMPA can generate a displacement of 180 µm and a force of 0.2 N. Fig. 6 shows that a TAMPA can generate a displacement of 64 µm and a force of 0.74 N. Fig. 7 shows that a TAMPA can generate a displacement of 21 µm and a force of 2.8 N. These results show that TAMPA having dimensions of approximately 10×10×10 mm can generate a displacement of several 100 µm or a force of several N. Moreover, these results show that a TAMPA is a tailor-made actuator in which the displacement to force ratio can be widely varied by adjusting the size of the bimorph-type piezoelectric elements. 
EXPERIMENT
To confirm the effectiveness of the analytical results, three prototypes were produced and evaluated. The thickness of the piezoelectric material and the number and the physical properties of the bimorph-type piezoelectric elements were the same as those described above for the simulation. The bimorph-type piezoelectric elements were produced by bonding two piezoelectric ceramic films (PZT (C-6), Fuji a b
Ceramics Corporation) using conductive epoxy adhesive (Conductive Epoxy, Circuit Works Corporation). The prototypes were produced by attaching the bimorph-type piezoelectric elements using double-sided adhesive tape (No. 791, Teraoka Seisakusho Co., Ltd.) as shown in Fig. 8 . The size of the prototype shown in Fig. 8 -a (t p = 100 µm) was 8.0×10×10 mm, the size of the prototype shown in Fig.  8 -b (t p = 200 µm) was 8.5×10×10 mm, and the size of the prototype shown in Fig. 8 -c (t p = 400 µm) was 9.5×10×10 mm.
The relationship between the displacement and the force of these prototypes is shown in Figs. 5-7 . Fig. 5 shows that TAMPA generates a displacement of 260 µm and a force of 0.28 N. Fig. 6 shows that TAMPA generates a displacement of 84 µm and the a force of 0.89 N. Fig. 7 shows that TAMPA generates a displacement of 29 µm and a force of 2.1 N. These results demonstrate that TAMPA having dimensions of 10×10×10 mm can generate a displacement of several 100 µm or a force of several N. Moreover, these results show that TAMPA is a tailor-made actuator, the displacement to force ratio of which can be widely varied by adjusting the size of bimorph-type piezoelectric elements even when the size of the total unit remains constant. These results agree well with the analytical results, thus confirming the validity of the analytical results. It should be noted that the experimental displacements are large compared with calculated displacements for small forces. The reason for this is considered to be that the transformation of the bimorph-type piezoelectric element occurs not only along its length but also along its width. The reason why the experimental displacements are small compared with the calculated displacements for large forces is considered to be that at large forces the double-sided adhesive tape is deformed. That is, for TAMPA, it is necessary to select the hardness of the double-sided adhesive tape employed appropriately according to the characteristics of the bimorph-type piezoelectric element. The selection of an appropriate conductive tape will be investigated in the future.
The relationships between the displacement and the input voltage of the prototypes are shown in Fig. 9 . These results show that, like piezoelectric bimorph actuators, TAMPA exhibits hysteresis. The relationship between the displacements and the input frequency of the prototypes is shown in Fig. 10 . Fig. 10-a shows that the prototype of Fig.  8 -a can be used up to frequencies of about 100 Hz, Fig. 10-b shows that the prototype of Fig. 8-b can be used up to about 250 Hz, and Fig. 10-c shows that the prototype of Fig. 8-c can be used up to about 500 Hz. 
PRODUCTION OF TAMPA WITHOUT LEAD
The lead-free TAMPA was produced using (K,Na)(Nb,Ta)O 3 piezoelectric ceramics [14] [15] (Fig. 11-a) . The total size of the lead-free TAMPA is 4.5×10×10 mm, and the thicknesses of the (K,Na)(Nb,Ta)O 3 piezoelectric ceramics are about 200 µm. The relationship between the displacement and the force of the lead-free TAMPA is shown in Fig. 11-b. Figure 11 -b confirms that the lead-free TAMPA having a small size of 4.5×10×10 mm generates a displacement of 7 µm and a force of 0.2 N. Thus, it has been demonstrated that TAMPA can be produced without using lead.
: 
CONCLUSION
In this paper, a tailor-made multilayer piezoelectric actuator (TAMPA) capable of producing large displacements and large forces is proposed. First, a bimorph-type piezoelectric element was analyzed, and the relationship between the displacement and the force for fixed dimensions of was derived. The analytical results show that the maximum force is 4 times larger, while the maximum displacement is 4 times smaller for a bimorph-type piezoelectric element of fixed dimensions having both ends simply supported compared to that having a cantilever configuration. That is, having both ends simply supported configuration produces greater forces when using bimorph-type piezoelectric elements. Next, the relationship between the displacement and the force of TAMPA was theoretically derived. The analytical results showed that TAMPA having dimensions of approximately 10×10×10 mm is capable of generating displacements of several 100 µm and forces of several N. Moreover, the analytical results showed that TAMPA is a tailor-made actuator, the displacement to force ratio of which can be widely varied by adjusting the size of bimorph-type piezoelectric elements even when the total size is kept constant. Next, a prototype was produced and its performance was evaluated. These experimental results agreed well with the analytical results, confirming the validity of the analytical results. The characteristics of these prototypes are shown in Table 2 . Finally, TAMPA was produced without lead using (K,Na)(Nb,Ta)O 3 piezoelectric ceramics. This lead-free TAMPA having a small size of 4.5×10×10 mm, generated a displacement of 7 µm and a force of 0.2 N. That is, it has been demonstrated that TAMPA can be produced without lead. It should be noted that it is expected that the displacement and force of TAMPA will become about five times greater when the input electric field of TAMPA is made the same level (about 1 kV/mm) as that used for Thunder [11] . The simulation result for the case when the input electric field of the TAMPA shown in Fig. 8-b is 1 kV/mm is shown in Fig. 12 as an example. In the future, to improve TAMPA and make it more suitable for practical applications, it is intended to develop the double-sided adhesive tape to improve productivity of TAMPA. In addition, TAMPA will be used for devices such as the microvalves and microstages. Finally, the characteristics of TAMPA will be improved by employing a piezoelectric material having a large electric strength.
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